Compressional-and shear-wave velocities of watersaturated Berea sandstone have been measured as functions of confining and pore pressures to 2 kbar. The velocities, measured by the pulse transmission technique, were obtained at selected pressures for the purpose of evaluating the relative importance of confining pressure and pore pressure on clastic wave velocities and derived dynamic elastic constants. Changes in Berea sandstone velocities resulting from changes in confining pressure are not exactly canceled by equivalent changes in pore pressure. For properties that involve significant bulk compression (compressional-wave velocities and bulk modulus) an incremental change in pore pressure does not entirely cancel a similar change in confining pressure. On the other hand, it is shown that a pore pressure increment more than cancels an equivalent change in confining pressure for properties that depend significantly on rigidity (shear-wave velocity and Poisson's ratio). This behavior (as well as observed wave amplitudes) is related to the presence of high-compressibility clay that lines grains and pores within the quartz framework of the Berea sandstone.
INTRODUCTION
For many years, the influence of pore pressure on elastic wave velocities in sedimentary rocks has been of considerable interest to geophysicists. Wyllie et a!. (1958) first demonstrated experimentally that compressional-wave velocities in Berea sandstone decrease with increasing pore pressure at constant confining pressures. Their data for water-saturated Berea sandstone showed that an increase in compressional-wave velocities produced by an increase in confining pressure (PJ is canceled by an equal increase in pore pressure (P p)' Thus, velocity was found to be a constant value for a given differential pressure (Figure la) . This was in direct conflict with an earlier theoretical analysis by Brandt (1955) for elastic wave velocity propagation in spheres as functions of pore and confining pressure, in which velocity was found to be dependent upon an effective pressure P.=Pc-IIPp (1) where II, termed the coefficient of internal deformation, is a number less than unity. Shear-wa ve velocity measurements by Banthia et al. (1965) in three sandstones, including the Berea, and a chalk indicate that II is less than unity, in agreement with Brandt's theory. However, data obtained by King (1966) for the Berea sandstone showed that values of /I were greater than unity for both compressional-wave velocities (Figure I b) and shear-wave velocities ( Figure Ie) . Thus, even though both studies found /I =I-0, there is disagreement as to whether a greater (Banthia et a!., 1965) or lesser (King, 1966) increase in pore pressure than confining pressure is required to maintain constant velocity in Berea sandstone.
In this study, we present compressional-and shear-wave velocities for Berea sandstone measured as functions of confining and pore pressure. We have taken advantage of new experimental design (Christensen, 1984) and higher voltage input pulses to produce rise times for the output signal and increased accuracies of the velocity measurements, which have been extended to pressures of 2 kbar. The relative importance of increases in confining and pore pressure is evaluated for Berea sandstone velocities as well as for the elastic moduli.
EXPERIMENTAL TECHNIQUE
The experimental assembly is similar to that described in detail in Christensen (1984) . The sandstone sample is cylindrical, approximately 2.5 cm in diameter, and 3.3 cm in length, It is placed in a thin shell aluminum jacket containing longitudinal slots on its inside surface which are ported to the pore pressure pumping system. Transducers are placed directly on the ends of the sample. The sleeved sample assembly, transducers, and electrodes are jacketed with gum rubber tubing to prevent interaction of the confining and pore fluids. The pore pressure hydraulic system, which uses distilled water as the pore pres- King (1966) .
sure medium, is independent of the confining pressure hydraulic system. The confining pressure medium is hydraulic oil. Pressure is generated in both systems with hand pumps and measured with Heise bourdon gauges with accuracies of 0.1 percent to 2.5 kbar.
Velocities are obtained using a pulse transmission technique (Birch, 1960) in which measured traveltimes of elastic waves through the rock and sample length are used to calculate velocities.
Lead-zirconate transducers are used for comprcssional-wave velocity measurements, whereas, for improved resolution, ac-cut quartz and lead-zircon ate transducers generate and receive the shear waves, respectively. The sending transducers are driven by a rectangular pulse of approximately 400 V and 0.5 IlS width. The elastic wave produced by the sending transducer is transmitted through the sample and detected by the receiving transducer. The resulting electrical output is ampJified and displayed on one trace of a dual-trace oscilloscope. The wave train, even at very low differential pressures, shows a reasonable signal quality (Figure 2 ).Transit time of the elastic wave through the sandstone is measured by superimposing arrivals from the sample and a calibrated variable-length mercury delay Jine.
The velocity measurements (Table 1 , Figures 3 and 4 ) are taken (1) along paths of increasing and decreasing confining pressure at atmospheric pore pressure, and (2) at constant differential pressure. The caJibrated amplitudes of the first peak ( Figure 2 ) of each wave arrival were also recorded at selected pressures and are summarized in Figure 5 . For each constant differential pressure data set, the confining and corresponding pore pressures required to maintain constant differential pressure are varied at random. Pressures are maintained for an average of approximately 24 hours prior to each velocity measurement. Monitoring of velocity versus time after changing pressures indicates that equilibrium at each data point is reached in generally less than 12 hours. The repeatability of the velocity measurements is better than t percent and the accuracy is 1 percent.
SAMPLE DESCRIPTION
A single core was used for both compressional-and shearwave velocity measurements. Petrographic and SEM examinations of the trimmed core ends show that, in addition to quartz, clay clasts and clay cement are abundant (Figures 6 and 7). Estimated porosity from the thin section is 20 percent. Approximately 70 percent of the examined thin section consists of subangular quartz grains, many of which are in contact with one another forming a rigid framework. Lithic fragments, feldspar, and opaques are also present as clastic grains. The most abundant matrix material is clay (~10 percent), although carbonate and quartz are also common cementing materials. In general, an empirical factor n can be introduced to define the effective pressure Pe = Pc -nPp for cases where the pore 
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::< 53. 6 0 05 \<b The most noteworthy feature of Table 2 is that the empirically derived values of II are less than I for properties that involve significant bulk compression (Vp and K) but are greater than I for properties that involve significant shear (V. and cr).
Theoretical n
The theory of fluid-saturated porous materials leads to the conclusion that values of /I for bulk volumetric deformation are given by (3) ( 2) where~s is the compressibility of the solid grains and~is the compressibility of the bulk material (Biot and Willis, 1957; Geertsma, 1957) . Because the bulk compressibility decreases as a function of differential pressure, /I also decreases as a function of differential pressure. We are not able to calculate the theoretieal II based on the bulk modulus values in Table 2 because these represent dynamic values, not static ones as required by the theory. However, values for Boise sandstone are shown in Table 2 for comparison.
This theoretical II refers strictly to the effective pressure law for bulk volume and not to any other physical property. However, we might expect a similar effectivepressure behavior for another physical property to the extent that it is sensitive to bulk volume. In this sense, the dynamic bulk modulus and compressional velocity show empirical /I behavior similar to that of Boise sandstone. Shear velocity also is sensitive to bulk volume. Generally as pore space is reduced, the shear velocity increases; hence the shear velocity behavior with changes in both confining and pore pressure might be expected to be determined by their effects on the bulk volume. However, the opposite behavior of /I for shear velocityin the Berea sandstone suggests that the framework rigidity is responding differently to changes of Pcand I'p than is the bulk volume.
MODEL FOR EFFECTIVE STRESS BEHAVIOR
A value of /1> I was found by Zoback (1975) , Zoback and Byerlee (1975) , and Walls and Nur (\ 979) for permeability of Berea sandstone. Their conceptual model is that a lowcompressibility quartz framework responds to confining pressure, whereas high-compressibility clayey pore linings respond to pore pressure. Our model for shear velocity behavior of Berea sandstone is similar. We utilize the idea of normal and tangential contact stiffnesses introduced by Digby (1981) and Winkler (1983) . Clay cement between quartz grains is highly compressed and direct contact between quartz grains is established under an increase of confining pressure. A concomitant increase of pore pressure compresses clays which coat grains and fill pore space and are adjacent to the quartz-quartz contact. The net effect of equal increments of confining and pore pressure is to increase the stiffness in a direction normal to framework grain interfaces while decreasing the resistance to a tangential displacement. We show that this model allows framework rigidity to be reduced while the compressional velocity is still increased. 
and Our model is illustrated schematically for spherically shaped grains in Figure 10 . The normal and tangential stilTnesses Dn and D" respectively, are defined by Digby [1981, equations (15) and (16)
where Y is the normal force, [) is normal displacement, T is tangential force, and s is tangential displacement. Confining pressure increases Dn by [orcing more framework contact between quartz grains. Pore pressure decreases D, by decreasing the volume of the highly compressible clays. The dependence of Vpand V, on Dn and D, is given by Winkler [1983, equations (7) and (8) 
where C = N(I -cjJ),N = average number of contacts per grain, and cjJ = porosity, R is grain radius, and p is grain density. Four possibilities exist for the sign of~Vp and~V, depending upon the magnitude and sign of~D. and~D, for equal increments of Pc and P
P'
The result of the simple linear programming exercise is shown in Figure II . For example, when the inequality 
is satisfied,~Vpis greater than a while~V, is less than 0, that is, /! < I for Vp while II > I for V,. The other three fields are labeled similarly in Figure 11 . Our model of elastic wave behavior in response to confining and pore pressure also applies to the observed wave amplitudes in Berea sandstone at constant ditTerential pressure ( Figure 5 ). The increase of normal contact stilTness is expected to increase wave amplitude for Vp, while the decrease of tangential contact stilTness is expected to decrease wave amplitude for V,.
The shear-velocity data (Figure 4 ) suggest that the value of II approaches 1 for higher dilTerential pressures. In terms of our model, higher differentia] pressures are associated with greater contact between quartz grains and lower compressibilities of clay linings near the contacts. Therefore, the ratio~Dn/~Pc is expected to be smaller at higher dilTerential pressures. Similarly, the ratio~D,/~p p is expected to be less negative because of the greater clay stilTness near the contact. The shear-velocity data at high dilTerential pressure indicate that for~P =~P the
location of the corresponding values of~D, and~Dn in Figure  II moves closer to the line~V, = 0 while remaining in the field described by~V, < 0 and~Vp> O. Although there is no measure of contact stiffness changes with changes in confining pressure or pore pressure, the observed opposite dependencies of Vpand V, at constant dilTerential pn:ssure are at least plausibly explained by the presence of clays in the Berea sandstone. Nonclayey sandstones which show /! < I for both Vpand V, would be represented in Figure  11 by different contact stilTness changes.
It should be emphasized that future velocity studies similar to the one presented here are highly desirable. Of importance will be measurements on sandstone samples with clay contents dilTering from the sample we have chosen. Our study and previous studies emphasize the importance of pore pressure on velocity behavior. Vp and V; decrease by amounts up to 20 percent as pore pressure approaches the confining pressure. Poisson's ratio, as calculated from the velocities, is anomalously high (greater than 0.3) for high pore pressures, and thus serves as a sensitive indicator of the pore pressure environment.
The high-precision velocity data presented in Figures 3 and 4 show definitively that the effective stress behavior of Vpand V;is different in Berea sandstone. For equal increments of increased confining and pore pressure, Vp is increased whereas V; is decreased. A grain contact mode], which incorporates the role of clays lining quartz grains and pores, provides the means for understanding the different effective stress behaviors. This model is supported by permeability measurements as functions of confining pressure and pore pressure (Zoback and Byerlee, 1975; Walls and Nur, 1979) 
